Introduction
============

Reperfusion is the most effective treatment for decreasing myocardial infarct size and myocardial apoptosis following ischemic injury ([@b1-mmr-22-01-0209]). However, acting as a double-edged sword, reperfusion may initiate additional damage, such as reperfusion injury, which may counter the benefits of reperfusion and cause fatal damage in patients ([@b2-mmr-22-01-0209]). Previous studies have shown that Toll-like receptor 2 (TLR2) triggers an inflammatory cascade and serves an important role in ischemic/reperfusion (I/R) injury ([@b3-mmr-22-01-0209]--[@b5-mmr-22-01-0209]). As part of the innate immune defense, TLR2 is able to recognize danger signals and can regulate endogenous or exogenous inflammatory responses ([@b6-mmr-22-01-0209]). Furthermore, TLR2 serves a vital role in the activation of the inflammatory immune response during myocardial I/R injury by regulating pro-inflammatory cytokine induction. Cytokines such as interleukin (IL)-1β and IL-6 can act on cardiomyocyte membrane receptors and initiate a series of signal cascades, which in turn causes the activation of TLR2, thus leading to myocardial inflammatory damage ([@b7-mmr-22-01-0209]). Moreover, inhibition of TLR2 with its ligands (e.g. peptidoglycan, Pam3CSK4) or receptor antagonists (OPN-305) has been shown to significantly decrease neutrophil infiltration, cytokine production and cardiomyocyte apoptosis ([@b8-mmr-22-01-0209],[@b9-mmr-22-01-0209]). Therefore, targeting TLR2 may be a promising therapy for I/R injury.

Ischemic postconditioning (IPostC) refers to transient, repetitive I/R in the early stage of reperfusion and has been revealed to alleviate myocardial I/R injury in a number of animal and human models ([@b10-mmr-22-01-0209],[@b11-mmr-22-01-0209]). Moreover, previous studies ([@b12-mmr-22-01-0209],[@b13-mmr-22-01-0209]) have demonstrated that the protective effect of IPostC is closely associated with the inhibition of TLR2-induced inflammation ([@b13-mmr-22-01-0209]); however, the underlying mechanism has not been fully elucidated. Our previous study identified that IPostC exerts a cardioprotective effect via protein kinase C (PKC) signaling ([@b14-mmr-22-01-0209]), but the association between TLR2 and PKC signaling in IPostC remains unknown.

MicroRNAs (miRs) are small non-coding RNAs that serve an important role in the regulation of the natural immune response and inflammation ([@b15-mmr-22-01-0209],[@b16-mmr-22-01-0209]), and are involved in cardiovascular diseases ([@b17-mmr-22-01-0209],[@b18-mmr-22-01-0209]). miR-499, a cardiac-enriched small RNA molecule, is involved in regulating cardiac function, the pathogenesis of I/R injury and has cardioprotective effects ([@b19-mmr-22-01-0209],[@b20-mmr-22-01-0209]). Furthermore, a previous study ([@b21-mmr-22-01-0209]) demonstrated that miR-499 is involved in the anti-inflammatory and anti-apoptotic effects of IPostC.

Therefore, based on the important role of miR-499 in IPostC-induced cardioprotection, the present study investigated the relevance of the regulation of TLR2 during IPostC. A myocardial I/R rat model was established to examine the effects of IPostC on infarct size and cardiomyocyte apoptosis. Moreover, the mRNA expression level of miR-499, the serum and protein expression levels of TLR2 and PKC and inflammatory cytokines, including IL-1β and IL-6, were detected. In addition, the protein expression levels of anti- and pro-apoptotic markers, and the effects of miR-499 overexpression and inhibition on IPostC were investigated.

Materials and methods
=====================

### Experimental animals

The Experimental Animal Center of Guangxi Medical University provided 90 adult male Sprague-Dawley rats \~8 weeks (weight, 240--280 g). The experimental environment was maintained at a constant room temperature (temperature, 22--24°C; relative humidity, 35--65%; 12:12-h light: dark cycle) and rats were allowed *ad libitum* access to food and water. The experimental protocols were performed in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Animal Protection and Use Committee of Guangxi Medical University.

### Myocardial I/R model

Sodium pentobarbital (2%, 50 mg/kg) was intraperitoneally injected to anesthetize the rats. The rats were mechanically ventilated with oxygen-enriched room air using a small animal respirator. A metal syringe needle was subcutaneously inserted into all four limbs of each rat. The needle was connected to an electrocardiograph with an electric clip that recorded the cardiac electrical activity of the rat. An incision was made in the 5th intercostal space on the left sternal border to fully expose the heart. The left anterior descending coronary (LAD) artery was ligated \~2 mm below the left atrial appendage and the angle of the articular cone with a suture with a nylon 6-0 needle. In the LAD artery, the end of the suture was passed through a small plastic tube to form a reversible snare LAD occlusion. Myocardial ischemia was induced by tightening the ligature around the plastic tube; the relaxation of the ligation caused reperfusion of the myocardial tissue. The monitoring of the changes in the ST-T segment of the electrocardiogram confirmed that ligation was successful, as indicated when the ST-T segment of the anterior region of the heart increased. Cervical dislocation of anesthetized rats was conducted at the end of reperfusion, and 3 ml blood samples and the anterior wall of the left ventricle near the apex were collected for analysis.

### Experimental groups

Rats were randomized into six groups (n=15): i) Sham group, in which the ligature was passed, but not tied, and maintained for 150 min; ii) I/R group, in which rats were subjected to 30 min of ischemia followed by 2 h of reperfusion; iii) IPostC group, in which rats underwent 3 cycles of 30 sec of reperfusion and 30 sec of ischemia immediately after the onset of reperfusion; iv) IPostC + negative control (NC) group, which received a miR-449 NC adeno-associated virus (AAV) vector (Hanbio Biotechnology Co., Ltd.; dose=1×10^11^ v.g./rat) injected into the tail vein, the operation was performed after 2 weeks of routine feeding, as in the IPostC group; v) IPostC + mimics group, which received a miR-499-overexpressing AAV vector (Hanbio Biotechnology Co., Ltd.; 1×10^11^ v.g./rat) injected intravenously, with routine feeding allowed for 2 weeks, as in the IPostC group; and vi) IPostC + inhibitor group, which received miR-499 inhibitor AAV vector (Hanbio Biotechnology Co., Ltd.; dose, 1×10^11^ v.g./rat) injected into the tail vein, followed by operation after 2 weeks, as in the IPostC group. In total, three of the 90 rats used in this study were excluded: One in the I/R group due to ventricular fibrillation; one in the IpostC + NC group due to cardiogenic shock during reperfusion; and one in the IPostC + inhibitors group due to viral transfection failure. The results described are for the remaining 87 rats.

### AAV vector transfection

The miR-499 miR-499-overexpression AAV vector (5′-GCTGTTAAGACTTGCAGTGATGTTTAGCTCCTCTCCATGTGAACATCACAGCAAGTCTGTGCTGC-3′), miR-499 inhibitor AAV vector (5′-AAACATCACTGCAAGTCTTAATATACAAACATCACTGCAAGTCTTAAACATCAAACATCACTGCAAGTCTTAATCTTCAAAACATCACTGCAAGTCTTAA-3′) and miR-499 NC AAV vectors (Hanbio Biotechnology Co., Ltd.) were constructed. The viral vector (1×10^11^ v.g./rat) was injected into the tail vein of rats, and the expression level of miR-499 in the myocardial tissue was detected by reverse transcription-quantitative (RT-q) PCR following 2 weeks of routine feeding to confirm that the transfection was successful.

### Myocardial infarction size analysis

Following reperfusion, the LAD was re-ligated and 3% Evans blue dye at room temperature was injected into the inferior vena cava and reacted for \~5 min to identify areas of risk for myocardial infarction. The stained heart was removed, frozen, cut into 2-mm sections and then incubated for 15 min at 37°C in 1% 2,3,5-triphenyltetrazolium chloride (Sigma-Aldrich; Merck KGaA) to examine the size of the infarct. The infarct and risk zones were quantified using Image-Pro Plus software (version 6.0; Media Cybernetics, Inc.), as previously described ([@b14-mmr-22-01-0209]). The infarct size was expressed as a percentage of the risk area, and the risk area was calculated as the percentage of the left ventricle.

### TUNEL staining

The histochemical detection of apoptotic cells was performed as previously reported ([@b14-mmr-22-01-0209]). Apoptotic cells were identified using a TUNEL detection kit (cat. no. 116848179; Roche Diagnostics GmbH) according to the manufacturer\'s protocol. The dewaxed myocardial tissue sections were immersed in 3% hydrogen peroxide in methanol for 10 min at room temperature, and washed 3 times with PBS; then the tissue sections and proteinase K working solution (cat. no. G1205; WuHan Servicebio Technology Co., Ltd.) incubated at 37C for 30 min, which the tissue sections and TdT reaction mixture are incubated at 37C for 2 h. After washing 3 times with PBS, counterstain the nuclei with DAPI solution (cat. no. D1306; 1:1,000; Thermo Fisher Scientific, Inc.) at room temperature for 5 min, and use 50 µl of anti-fade mounting medium (cat. no. G1401; WuHan Servicebio Technology Co., Ltd.) TUNEL-positive cells were observed in five randomly selected areas using a fluorescence microscope (magnification, ×200). The apoptotic index was expressed as the number of TUNEL-positive cells/total number of cardiomyocytes ×100%.

### Levels of TLR2, PKC, IL-1β and IL-6 in serum

Prior to the removal of the heart, 5-ml blood samples were collected and centrifuged at 4C, 2,000 × g for 10 min, and the supernatant was stored in a refrigerator at −80C. The serum levels of TLR2, PKC, IL-1β and IL-6 were assessed with an automatic analyzer 7600 (Hitachi Ltd.) using rat TLR2 ELISA kit (cat. no. 0663R1; Enzyme immunoassay Co.), rat PKC ELISA kit (cat. no. 0684R1; Enzyme immunoassay Co.), rat IL-1β ELISA kit (cat. no. 0047R1; Enzyme immunoassay Co.) and rat IL-6 ELISA kit (cat. no. 0190R1; Enzyme immunoassay Co.). The experiment was repeated four times.

### RNA extraction and RT-qPCR

Total RNA was extracted using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. First-strand cDNA was synthesized from 1 µg total RNA using a RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.) and reverse transcribed using the following temperature protocol: 37C for 15 min, 85C for 5 sec and stored at 4C. RT-qPCR was performed using 2X SYBR Green qPCR ProMix (EnzyValley) in an ABI 7300 RT PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The reaction mixtures were incubated in a 96-well plate and the RT-qPCR thermal cycling conditions were as follows: Initial denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for 5 sec and final extension at 40 cycles of 60°C for 30 sec. RNU6B was used as the reference control. Primer sequences are presented in [Table I](#tI-mmr-22-01-0209){ref-type="table"}. The relative expression level of miR-499 was determined using the 2^−ΔΔCq^ method ([@b22-mmr-22-01-0209]).

### Western blotting

Western blotting was performed as described previously ([@b14-mmr-22-01-0209]). Freshly frozen myocardial tissue samples were homogenized in RIPA buffer (Beyotime Institute of Biotechnology). The protein concentration was determined with a bicinchoninic acid assay. Equal amounts (30 µg) of proteins were separated by 12% SDS-PAGE and were transferred to nitrocellulose membranes that were blocked with 5% non-fat milk for 1 h at room temperature in TBST (150 mM NaCl, 20 mM Tris-HCl and 0.1% Tween 20; pH 7.4). All antibodies were acquired from Cell Signaling Technology, Inc. Membranes were incubated with TLR2 rabbit monoclonal antibodies (cat. no. 12276S; 1:1,000), PKC rabbit monoclonal antibodies (cat. no. 38938S; 1:1,000.), IL-1βrabbit monoclonal antibodies (cat. no. 12703S; 1:1,000.), IL-6 rabbit monoclonal antibodies (cat. no. 12912S; 1:1,000.), Bcl-2 rabbit monoclonal antibodies (cat. no. 3498S; 1:1,000) and Bax rabbit monoclonal antibodies (cat. no. 5023S; 1:1,000) overnight at 4C. After washing 3 times with TBST, the membranes were exposed to peroxidase-conjugated goat anti-rabbit IgG (H+L) antibodies (cat. no. 14708S; 1:3,000) for 1 h at room temperature. Finally, using Chemiluminescence substrate (Pierce; Thermo Fisher Scientific, Inc.) and exposed on radiographic film. The results were quantitatively analyzed using ImageJ v1.8.0 software (National Institutes of Health).

### Statistical analysis

Data are presented as the mean ± SD. One-way ANOVA was performed using Tukey\'s multiple comparison test. P\<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using SPSS 23.0 (SPSS, Inc.).

Results
=======

### Effect of IPostC on the expression levels of inflammatory cytokines

The inhibition of inflammatory cytokine activation serves an important role in mitigating myocardial I/R injury ([@b23-mmr-22-01-0209]). In order to determine whether IPostC exerts cardioprotective effects by inhibiting the activation of inflammatory cytokines, the present study examined the serum and the protein expression levels of TLR2, IL-1β and IL-6. It was identified that, when comparing the I/R group with the IPostC group, the serum and protein expression levels of TLR2 (serum: 23.1±3.3 vs. 28.4±3.9; protein: 0.57±0.03 vs. 0.80±0.04, respectively; P\<0.05), IL-1β (serum: 51.9±5.0 vs. 60.6±5.8; protein: 0.51±0.03 vs. 0.75±0.03, respectively; P\<0.05) and IL-6 (serum: 108.7±8.9 vs. 156.9±10.5; protein: 0.46±0.03 vs. 0.70±0.03, respectively; P\<0.05) were significantly decreased in the IPostC group ([Table II](#tII-mmr-22-01-0209){ref-type="table"}; [Fig. 1](#f1-mmr-22-01-0209){ref-type="fig"}). Therefore, the results indicated that IPostC may alleviate myocardial I/R damage by inhibiting the activation of inflammatory cytokines.

### Effect of IPostC on the expression of PKC

To determine the signal transduction mechanism via which IPostC may serve a role in cardioprotection, the serum and the protein expression levels of PKC were measured. It was identified that the serum and the protein expression levels of PKC were significantly decreased in the IPostC group compared with the I/R group (serum: 720.1±24.9 vs. 1,036.5±30.1; protein: 0.57±0.03 vs. 0.80±0.04, respectively; P\<0.05; [Table II](#tII-mmr-22-01-0209){ref-type="table"}; [Fig. 2](#f2-mmr-22-01-0209){ref-type="fig"}). Thus, it was hypothesized that IPostC may have a cardioprotective role by inhibiting the PKC signal transduction pathway.

### Effect of IPostC on the protein expression levels of Bcl-2 and Bax

The results demonstrated that the IPostC group exhibited an increased expression of Bcl-2 (0.63±0.03 vs. 0.25±0.02; P\<0.05) and a decreased expression level of Bax (0.49±0.02 vs. 0.78±0.03; P\<0.05) in the myocardium compared with the I/R group ([Fig. 3](#f3-mmr-22-01-0209){ref-type="fig"}). Moreover, these results suggested that IPostC protected the heart from I/R-induced apoptosis by increasing Bcl-2 and decreasing Bax protein expression levels.

### Effect of IPostC on the mRNA expression level of miR-499

To determine whether miR-499 was associated with the cardioprotective effects of IPostC, the mRNA expression level of miR-499 was examined in myocardial tissue. It was identified that the mRNA expression level of miR-499 in the IPostC group was significantly increased compared with the I/R group (1.27±0.09 vs. 0.65±0.13; P\<0.05; [Fig. 4](#f4-mmr-22-01-0209){ref-type="fig"}).

### Expression levels of miR-499 in the myocardium following viral transfection

In order to further investigate the effect of miR-499 on the cardioprotective mechanism of IPostC, the rat myocardium was transfected with miR-499 mimic, inhibitor and NC AAV vectors and then the mRNA expression of miR-499 was measured. It was identified that there was no significant difference in mRNA expression level of miR-499 between the IPostC + NC and IPostC groups (1.33±0.09 vs. 1.27±0.09; [Fig. 4](#f4-mmr-22-01-0209){ref-type="fig"}). However, compared with the miR-499 expression levels in the IPostC group, the level in the IPostC + inhibitors group was significantly decreased (0.59±0.12 vs. 1.27±0.09; P\<0.05), while that in the IPostC + mimics group was significantly increased (1.80±0.16 vs. 1.27±0.09; P\<0.05). Therefore, these experimental results identified that the transfection of the miR-499 virus was successful.

### Effect of miR-499 on the expression levels of inflammatory factors

The results demonstrated that the protein expression levels of TLR2 (0.58±0.03 vs. 0.57±0.03; P\>0.05), IL-1β (0.50±0.03 vs. 0.51±0.03; P\>0.05) and IL-6 (0.44±0.03 vs. 0.46±0.03; P\>0.05) were not significantly different between the IPostC + NC and IPostC groups ([Fig. 1](#f1-mmr-22-01-0209){ref-type="fig"}). Moreover, compared with the IPostC group, the expression levels of TLR2 (0.75±0.03 in IPostC + inhibitors vs. 0.57±0.03 in IPostC; P\<0.05), IL-1β (0.71±0.03 in IPostC + inhibitors vs. 0.51±0.03 in IPostC; P\<0.05) and IL-6 (0.73±0.03 in IPostC + inhibitors vs. 0.46±0.03 in IPostC; P\<0.05) were significantly increased in the IPostC + inhibitors group, while the expression levels of TLR2 (0.48±0.03 in IPostC + mimics vs. 0.57±0.03 in IPostC; P\<0.05), IL-1β (0.30±0.03 in IPostC + mimics vs. 0.51±0.03 in IPostC; P\<0.05) and IL-6 (0.25±0.02 in IPostC + mimics vs. 0.46±0.03 in IPostC; P\<0.05) were significantly decreased in the IPostC + mimics group. Collectively, these results suggested that the upregulation of miR-499 can exert cardioprotective effects by inhibiting the expression level of inflammatory cytokines.

### Effect of miR-499 on the expression level of PKC

It was identified that there was no significant difference in PKC expression levels between the IPostC + NC group and IPostC groups ([Table II](#tII-mmr-22-01-0209){ref-type="table"}; [Fig. 2](#f2-mmr-22-01-0209){ref-type="fig"}). Furthermore, the serum and the protein expression levels of PKC were significantly increased in the IPostC + inhibitor group (987.7±28.7 vs. 720.1±24.9 and 0.74±0.03 vs. 0.57±0.03, respectively; P\<0.05) and significantly decreased in the IPostC + mimics group (505.2±19.7 vs. 720.1±24.9 and 0.19±0.02 vs. 0.57±0.03, respectively; P\<0.05) compared with those in the IPostC group. Therefore, it was speculated that the upregulation of miR-499 may exert anti-inflammatory effects by inhibiting the PKC signal transduction pathway.

### Effect of miR-499 on the expression level of circulating inflammatory cytokines

To further assess the effect of miR-499 on the systemic inflammatory status of IPostC, the rat myocardium was transfected with miR-499 mimic, inhibitor and NC AAV vectors and the serum levels of inflammatory cytokines were measured. The results demonstrated that the serum levels of TLR2, IL-1β and IL-6 were not significantly different between the IPostC + NC and IPostC groups ([Table II](#tII-mmr-22-01-0209){ref-type="table"}). In comparison with the IPostC + NC and IPostC groups, the serum levels of TLR2, IL-1β and IL-6 were significantly increased in the IPostC + inhibitors group and were all significantly decreased in the IPostC + mimics group.

### Effect of miR-499 on cardiomyocyte apoptosis and myocardial infarct size

To assess whether miR-499 serves a role in the cardioprotective effects of IPostC, the apoptotic index of cardiomyocytes ([Fig. 5](#f5-mmr-22-01-0209){ref-type="fig"}) and myocardial infarct size ([Fig. 6](#f6-mmr-22-01-0209){ref-type="fig"}) were examined. Relative to the I/R group, the IPostC group exhibited a significantly decreased myocardial apoptotic index (29.46±2.03% vs. 42.64±2.27%; P\<0.05) and significantly decreased myocardial infarct size (48.53±2.49% vs. 66.52±3.1%; P\<0.05). Furthermore, the cardiomyocyte apoptotic index (28.00±1.54% vs. 29.46±2.03%; P\>0.05) and myocardial infarct size (47.53±2.47% vs. 48.53±2.49%; P\>0.05) were not significantly different between the IPostC + NC group and the IPostC group. However, compared with those in the IPostC group, the myocardial apoptotic index (37.45±1.73% vs. 29.46±2.03%; P\<0.05) and myocardial infarct size (60.18±2.81% vs. 48.53±2.49%; P\<0.05) were significantly increased in the IPostC + inhibitors group, but significantly decreased in the IPostC + mimics group (cardiomyocyte apoptotic index, 18.13±1.83% vs. 29.46±2.03%; P\<0.05; myocardial infarct size, 26.73±2.45% vs. 48.53±2.49%; P\<0.05). Collectively, the results suggested that the upregulation of miR-499 could effectively alleviate myocardial I/R damage and may be involved in the ischemic myocardial protection mechanism of IPostC.

### Effect of miR-499 on the protein expression levels of Bcl-2 and Bax

It was found that the protein expression levels of Bcl-2 and Bax were not significantly different between the IPostC + NC and IPostC groups ([Fig. 3](#f3-mmr-22-01-0209){ref-type="fig"}). In comparison with the IPostC group, the IPostC + mimics group exhibited an increased expression level of Bcl-2 (0.80±0.04 vs. 0.63±0.03; P\<0.05) and a decreased expression level of Bax (0.22±0.02 vs. 0.49±0.02; P\<0.05) in the myocardium; however, these effects were reversed by miR-499 inhibitors.

Discussion
==========

The present results suggested that IPostC significantly increased miR-499 mRNA expression level, but decreased the I/R-induced infarct size, cardiomyocyte apoptosis and the release of the inflammatory mediators, including TLR2, PKC, IL-1β and IL-6. To the best of our knowledge, the present study was the first to demonstrate that miR-499 exerted an ischemic cardioprotective effect in IPostC, possibly by inhibiting TLR2 and PKC signals, thereby decreasing cardiomyocyte necrosis and apoptosis via the induction of the anti-apoptotic protein Bcl-2 and suppression of the pro-apoptotic Bax. The present results identified a potentially novel mechanism of IPostC-induced protection.

The pattern recognition receptor TLR2 is an emerging therapeutic target in I/R injury and cardioprotection. Sakata *et al* ([@b24-mmr-22-01-0209]) revealed that TLR2 is released from mouse myocardium and mediates subsequent injury during I/R. Furthermore, TLR2 upregulation is observed in the monocytes of patients with acute myocardial infarction, which contributes to the severity of myocardial damage ([@b25-mmr-22-01-0209]). By contrast, the application of TLR2 monoclonal antibody has been shown to result in significant decreases in myocardial infarction size and local and systemic inflammatory cells ([@b26-mmr-22-01-0209]). It has also been shown that preconditioning attenuates myocardial injury by inhibiting the activation of TLR2 ([@b27-mmr-22-01-0209]--[@b29-mmr-22-01-0209]). However, whether IPostC has a similar effect on the inhibition of TLR2 signaling remains unknown. In the present study, low local and circulating levels of TLR2 were identified in the IPostC group and significantly increased levels in the I/R group, indicating that IPostC-induced cardioprotection may be closely associated with the inhibition of TLR2.

The interaction between TLR2 and inflammatory cytokines is an important component of myocardial I/R injury ([@b30-mmr-22-01-0209]). As a potent inflammatory mediator, activated TLR2 promotes the accumulation of inflammatory cells and the release of inflammatory cytokines, such as IL-1β and IL-6, from necrotic cardiomyocytes, triggering a wide range of inflammation ([@b31-mmr-22-01-0209]). Moreover, the concentrations of these cytokines during I/R partially reflect the severity of myocardial damage ([@b32-mmr-22-01-0209],[@b33-mmr-22-01-0209]). Furthermore, treatment strategies that inhibit these cytokines have been shown to be effective for reducing infarct size and cardiomyocyte apoptosis ([@b34-mmr-22-01-0209],[@b35-mmr-22-01-0209]). Consistent with previous studies, the present results indicated that 30-min ischemia followed by 120-min reperfusion significantly increased myocardial infarct size, cardiomyocyte apoptosis and the release of IL-1β and IL-6, while IPostC prevented these effects. Therefore, the results suggested that the beneficial effect of IPostC may be due to the inhibition of the inflammatory cytokines IL-1β and IL-6.

The PKC family is a class of signaling proteins that are often associated with the regulation of I/R ([@b36-mmr-22-01-0209]). Moreover, PKC may mediate I/R-induced cardiomyocyte apoptosis via interactions with the mitochondria ([@b37-mmr-22-01-0209]). PKC is also an important component of the TLR2 signal transduction pathway ([@b38-mmr-22-01-0209]). Park *et al* ([@b39-mmr-22-01-0209]) showed that TLR2 can mediate inflammatory responses by adjusting downstream PKC signaling. However, while a previous study ([@b40-mmr-22-01-0209]) has shown that PKC signaling is linked to TLR2, to the best of our knowledge, no previous study has investigated their association in IPostC. Therefore, the aim of the present study was to determine whether TLR2 and PKC signaling pathways were involved in I/R-induced injury and IPostC-mediated cardioprotection. The present results identified high expression levels of TLR2 and PKC in serum and heart in the I/R group, but significantly decreased expression levels in the IPostC group, suggesting that inhibition of PKC signaling in response to TLR2 inhibition may be associated with the protective effects of IPostC. Collectively, the present study identified a potentially novel protective mechanism of IPostC.

Previous studies have shown that miR-499 prevents myocardial I/R injury. miR-499 is a small non-coding RNA that regulates the expression levels of numerous target genes in heart disease, particularly in acute myocardial infarction ([@b41-mmr-22-01-0209],[@b42-mmr-22-01-0209]). Qin *et al* ([@b43-mmr-22-01-0209]) revealed that the expression level of miR-499 in the left ventricular myocardium is negatively correlated with troponin T and creatine kinase-muscle/brain expression levels in a canine model of I/R. It has also been shown that miR-499 is upregulated in IPostC, and exerts anti-apoptotic and anti-inflammatory effects on the ischemic myocardium ([@b21-mmr-22-01-0209]). However, whether the mechanisms underlying the cardioprotective effects of IPostC involve miR-499 is not fully understood. The present study examined whether the TLR2 and PKC signaling pathways were involved in these cardioprotective effects by increasing and decreasing the expression of miR-499 using miR-499 mimics and inhibitors. It was demonstrated that miR-499, which was highly expressed in the IPostC group, inhibits TLR2 and PKC signaling and the subsequent inflammatory cascade in I/R. In addition, it was identified that miR-499 inhibitors significantly increased the expression levels of TLR2 and PKC and the proinflammatory cytokines, IL-1β and IL-6. By contrast, the overexpression of miR-499 significantly reversed these trends. To the best of our knowledge, the present study was the first to identify the interaction between miR-499 and TLR2 in IPostC, which suggested a possible mechanism of the anti-inflammatory effect of IPostC. However, the underlying mechanism via which miR-499 inhibits TLR2 expression remains unknown.

In conclusion, the present results suggested that miR-499 may be involved in IPostC cardioprotection, possibly by inhibiting local and systemic TLR2 activation, inflammation and PKC signaling. Therefore, the present study provided mechanistic evidence to support the development of potential therapeutic targets for providing IPostC-mediated cardioprotection against I/R injury.
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![Effect of IPostC on the mRNA expression level of miR-499. Effects of IPostC with or without treatment with the miR-499-5p mimic, inhibitor and NC AAV vectors on miR-499 mRNA expression level following myocardial I/R. Data are presented as the mean ± SD. \*P\<0.05 vs. sham group. ^&^P\<0.05 vs. I/R group. ^\#^P\<0.05 vs. IPostC group. n=6 per group. NC, negative control; miR, microRNA; IPostC, ischemic postconditioning; IR, ischemia/reperfusion; AAV, adeno-associated virus.](MMR-22-01-0209-g03){#f4-mmr-22-01-0209}

![Effect of miR-499 on cardiomyocyte apoptosis. (A) Effects of IPostC with or without treatment with the miR-499-5p mimic, inhibitor and NC AAV vectors on apoptosis following myocardial I/R. Magnification, ×200. (B) Quantitative analysis of cell apoptotic rate, data are presented as the mean ± SD. \*P\<0.05 vs. sham group. ^&^P\<0.05 vs. I/R group. ^\#^P\<0.05 vs. IPostC group. n=4 per group. NC, negative control; miR, microRNA; IPostC, ischemic postconditioning; IR, ischemia/reperfusion; AAV, adeno-associated virus.](MMR-22-01-0209-g04){#f5-mmr-22-01-0209}

![Effect of miR-499 on myocardial infarct size. (A) Effects of IPostC with or without treatment with the miR-499 mimic, inhibitor and NC AAV vectors on myocardial infarct size following myocardial I/R in myocardial tissue. Magnification, ×40. (B) Quantitative analysis of myocardial infarct size, data are presented as the mean ± SD. \*P\<0.05 vs. sham group. ^&^P\<0.05 vs. I/R group. ^\#^P\<0.05 vs. IPostC group. n=4 per group. NC, negative control; miR, microRNA; IPostC, ischemic postconditioning; IR, ischemia/reperfusion; AAV, adeno-associated virus; MI/ARR, myocardial infarction/risk area.](MMR-22-01-0209-g05){#f6-mmr-22-01-0209}

###### 

Sequences of primers used for reverse transcription-quantitative PCR analyses.

  Genes                Primers   Sequences
  -------------------- --------- ---------------------------------------
  U6                   Forward   5′-CTCGCTTCGGCAGCACA-3′
                       Reverse   5′-AACGCTTCACGAATTTGCGT-3′
  miR-499              Forward   5′-TTAAGACTTGCAGTGATGTTT-3′
                       Reverse   5′-CAGTGCAGGGTCCGAGGTAT-3′
  miRT Random Primer             5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCAC
                                 TGGATACGACNNNNN-3′

miR, microRNA.

###### 

Effects of IPostC with the miR-499 mimic, inhibitor and negative control AAV vectors on the levels of TLR2, PKC, IL-1β and IL-6 in the serum following myocardial I/R.

  Groups                TLR2, pg/ml                                                PKC, pg/ml                                                    IL-1β, pg/ml                                               IL-6, pg/ml
  --------------------- ---------------------------------------------------------- ------------------------------------------------------------- ---------------------------------------------------------- ------------------------------------------------------------
  Sham                  16.7±2.8                                                   320.4±17.2                                                    35.5±4.2                                                   68.4±7.3
  I/R                   28.4±3.9^[a](#tfn3-mmr-22-01-0209){ref-type="table-fn"}^   1036.5±30.1^[a](#tfn3-mmr-22-01-0209){ref-type="table-fn"}^   60.6±5.8^[a](#tfn3-mmr-22-01-0209){ref-type="table-fn"}^   156.9±10.5^[a](#tfn3-mmr-22-01-0209){ref-type="table-fn"}^
  IPostC                23.1±3.3^[b](#tfn4-mmr-22-01-0209){ref-type="table-fn"}^   720.1±24.9^[b](#tfn4-mmr-22-01-0209){ref-type="table-fn"}^    51.9±5.0^[b](#tfn4-mmr-22-01-0209){ref-type="table-fn"}^   108.7±8.9^[b](#tfn4-mmr-22-01-0209){ref-type="table-fn"}^
  IPostC + NC           22.4±3.2                                                   717.2±26.0                                                    52.1±3.0                                                   107.9±8.0
  IPostC + inhibitors   32.8±5.5^[c](#tfn5-mmr-22-01-0209){ref-type="table-fn"}^   987.7±28.7^[c](#tfn5-mmr-22-01-0209){ref-type="table-fn"}^    68.5±3.1^[c](#tfn5-mmr-22-01-0209){ref-type="table-fn"}^   178.5±7.8^[c](#tfn5-mmr-22-01-0209){ref-type="table-fn"}^
  IPostC + mimics       13.6±2.9^[c](#tfn5-mmr-22-01-0209){ref-type="table-fn"}^   505.2±19.7^[c](#tfn5-mmr-22-01-0209){ref-type="table-fn"}^    37.0±1.8^[c](#tfn5-mmr-22-01-0209){ref-type="table-fn"}^   77.1±4.9^[c](#tfn5-mmr-22-01-0209){ref-type="table-fn"}^

Data are presented as the mean ± SD.

P\<0.05 vs. sham group.

P\<0.05 vs. I/R group.

P\<0.05 vs. IPostC group. n=8 per group. IL, interleukin; TLR, Toll-like receptor; PKC, protein kinase C; NC, negative control; IPostC, ischemic postconditioning; IR, ischemia/reperfusion; miR, microRNA.
